Understanding the regulation of the CD8 1 T-cell response and how protective memory cells are generated has been intensely studied. It is now appreciated that a naive CD8 1 T cell requires at least three signals to mount an effective immune response: (i) TCR triggering, (ii) co-stimulation and (iii) inflammatory cytokines. Only recently have we begun to understand the molecular integration of those signals and how early events regulate the fate decisions of the responding CD8 1 T cells. This review will discuss the recent findings about both the extracellular and intracellular factors that regulate the destiny of responding CD8 1 T cells.
Introduction
The immune system exists in a delicate state that enables the host to swiftly and effectively battle pathogenic insults, yet remain tolerant of self-antigens. To this end, T-cell activation is tightly regulated and was originally proposed to be mediated by two signals: (i) TCR triggering by antigen and (ii) a co-stimulatory signal from the accessory cell presenting antigen (1-4). Steinman and Witmer (5) later demonstrated that the accessory cell responsible for T-cell activation was primarily a dendritic cell.
The theory of T-cell activation was further extended when Janeway (6) and Matzinger (7) proposed that microbial products or cellular danger signals, respectively, may regulate the co-stimulatory signals delivered by the antigenpresenting cell (APC), thus regulating the outcome of the T-cell response (tolerance versus activation). Furthermore, a third signal mediated by cytokines, which can also be regulated by host-extrinsic and -intrinsic signals, is crucial in regulating T-cell activation versus tolerance (8, 9). How these three signals regulate effector and memory T-cell differentiation continues to be the subject of considerable research efforts.
Our knowledge of effector and memory CD8 + T-cell differentiation pathways has grown significantly due in large part to technical advances, such as multiparameter flow cytometry, knockout and transgenic mice, gene arrays, peptide-MHC (p-MHC) tetrameric reagents and the application of laser-based confocal and two-photon microscopy. All together, these techniques have enabled us to isolate, quantify, characterize and localize antigen-specific T cells throughout the entire immune response. From these studies, CD8
+ T-cell responses can be grossly divided into four phases: (i) activation/initiation, (ii) clonal expansion, (iii) contraction and (iv) memory. This dynamic process enables the host to maintain a broad repertoire of antigenspecific T cells under homeostatic conditions while specifically selecting useful clones during pathogenic insult to fight off infection and subsequently maintaining those clones at higher frequencies compared with non-selected clones to protect the host against future encounters with the same pathogen.
We hypothesize that the activation/initiation and early expansion stages are crucial in determining the fate of the responding CD8 + T cells. From our studies using confocal microscopy and in situ tetramer analysis (10, 11) , plus the implementation of two-photon microscopy by others (12) (13) (14) (15) (16) , it is clear that activated CD8 + T cells are in intimate contact with APCs for extended periods of time. The activation and early expansion phases therefore create an opportunity for responding CD8 + T cells to integrate the signals necessary for mounting an effective immune response.
This review will discuss the heterogeneity observed during the CD8 + T-cell response and the roles antigenic stimulation, co-stimulation and inflammatory cytokines play in regulating the activation, expansion and differentiation of effector and memory CD8 + T cells; furthermore, we will highlight recent work that sheds light on the intracellular signaling networks that are critical for the integration of these signals.
Phenotypic heterogeneity exists throughout the CD8 +
T-cell response
The origins of a memory CD8 + T cell have been intensely studied because knowledge about their origins could significantly enhance our ability to develop rational vaccines. Studies aiming to identify the origins of the memory CD8 + T-cell population have demonstrated that substantial heterogeneity exists throughout the CD8 + T-cell response. Originally, it was observed that a small proportion of effector CD8 + T cells retained or reexpressed IL-7Ra at the peak of the immune response and that those cells subsequently survived to form the memory population, thus identifying a memory precursor cell for the first time (17, 18) . More recently, the phenotype of the memory precursor CD8 + T cell has been refined using the expression patterns of IL-7Ra, killer-cell lectin-like receptor G1 (KLRG1) and CD27 (19) (20) (21) (22) (23) (Fig. 1) . Additionally, all three of the previously mentioned effector CD8
+ T-cell populations have been shown to express effector molecules, such as IFNc or granzyme B (19, 20, 24) , which fits with Cre-recombinasemediated genetic labeling experiments (25) . Furthermore, the memory T-cell population contains additional heterogeneity, which is defined by CD62 ligand (CD62L) and CCR7. Originally observed by Hamann et al. (26) and Sallusto et al. (27) , two broad phenotypes of memory T cells have been described, CD62L
high CCR7 high central memory T cells (T CM ) and CD62L low CCR7 low effector memory T cells (T EM ). Later, it was shown that T CM cells preferentially localized to lymph nodes, whereas T EM cells preferentially were found in peripheral tissues, such as the lungs, liver and intestines (28, 29) . Interestingly, our laboratory has recently found that the IL-7Ra high KLRG1 low CD27 high memory precursor population can be further split into CD62L high and CD62L low populations, whereas early effector cell (EEC) and SLEC are largely CD62L low , suggesting that this dichotomy in memory subsets is set early during CD8
+ T-cell differentiation (30) .
Elegant work from Busch and colleagues demonstrated that a single naive CD8 + T cell is capable of generating the same diversity and heterogeneity within both the effector and the memory cell populations as a polyclonal naive population (31) . Naive CD8 + T cells are therefore extremely pliable and must integrate numerous signals that determine their fate. Detailed knowledge about what drives memory subset differentiation will be crucial in the design of novel adjuvants and vaccines. . Over time, the EEC and SLEC populations are lost through apoptosis, whereas both the MPEC populations remain long term in the host forming the memory CD8 + T-cell population. Additionally, with time, the memory population transitions from being predominately T EM in phenotype to T CM in nature as a result of the increased homeostatic proliferation rate of the T CM population. ) . We envision that signals originating during T-cell activation and the early expansion stage will be crucial in directing the differentiation of these three effector CD8
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+ T-cell populations. As proposed in the three-signal model of T-cell activation (33), the expansion and differentiation of effector and memory CD8
+ T cells could be directed by TCR-mediated signals, co-stimulation and/or inflammatory cytokines.
Initiation of T-cell responses is a highly orchestrated process whereby antigen is enriched in the T-cell zones of secondary lymphoid organs by migration of dendritic cells from the periphery to these zones (34) . Since the probability of any given APC bearing a particular antigen is rare, this process of enrichment serves to enhance the probability of equally rare naive T cells that are specific for that antigen being able to interact with that APC; moreover, activated dendritic cells that are presenting antigens from pathogens are 'licensed' to produce chemokines that aid in the recruitment of naive CD8
+ T cells to antigen-presenting dendritic cells (35, 36) .
T-cell activation is fundamentally dependent on the interaction of the TCR with cognate antigen presented by the appropriate MHC molecule. Previous reports have demonstrated that the overall strength of TCR stimulation, which is the sum of the magnitude and duration of TCR-p-MHC interaction, can direct the magnitude of the T-cell response (37) (38) (39) (40) , but this does not seem to drastically alter effector CD8 + differentiation (19) . Co-stimulatory molecules from both the CD28 family and the tumor necrosis factor receptor family have been shown to be important in enhancing proliferation and survival of activated CD8 + T cells (41, 42) , but little is known about the role of co-stimulatory molecules in regulating effector and memory CD8 + T-cell differentiation. Interestingly, both the CD28 and CD27 pathways appear to regulate IL-2 production (43, 44), which we and others have recently demonstrated to be important in regulating the differentiation of SLECs (23, 45, 46) . CD4 + T cells are important for the up-regulation of CD25 (IL-2Ra) on responding CD8
+ T cells (23) . CD4 + T-cell 'help' to responding CD8 + T cells has been a confounding area of research: Certain CD8 + T-cell responses are dependent on CD4
+ T-cell help for expansion (23, 47, 48) ; in other responses, expansion and memory development are normal in the absence of CD4 + T-cell help (23, 48) ; and in still other responses where CD4 + T cells are absent, expansion is normal, but memory generation is abnormal (49) (50) (51) (52) (53) (54) . Intriguingly, the route of infection with a given pathogen can alter the CD4 + T-cell dependence of the response. For example, intra-nasal infection with vaccinia virus is CD4 + T cell independent for CD8 + T-cell expansion (55) , but the CD8 + T-cell response to intra-peritoneal infection is CD4 + T cell dependent (23) . Likely, the inflammatory milieu induced by infection through these different routes as well as the type of APC that is involved may differ. To this point, both IL-12 and IFNa/b are differentially expressed during different infections and both enhance CD8 + T-cell proliferation and/or survival (9, 56, 57); furthermore, inflammation induced by unmethylated CpG DNA or infection induces SLEC differentiation in an IL-12-dependent mechanism (19, 58, 59) . In contrast, priming environments lacking high levels of inflammation tend to favor MPEC development (19, (59) (60) (61) . The factors required for SLEC and MPEC survival also differ. SLEC survival is promoted by IL-15 (19, 21) , which counteracts the apoptotic actions of transforming growth factor b on the SLEC population (22) . MPEC survival is enhanced by complexes comprising anti-IL-7 plus IL-7 (21) and their long-term maintenance and proliferation are dependent on IL-15 (19, 21) . The SLEC/MPEC populations are thus dynamically regulated by multiple factors, which we are only beginning to understand.
In terms of regulating the fate decision of memory precursors into either T CM or T EM populations, our current data indicate that limiting antigen availability early during infection enhances the proportion of memory precursor cells that are CD62L high (30) , which fits with previous observations that naive CD8
+ T-cell precursor frequency regulates T CM /T EM differentiation (62-64); however, we postulate that dampening TCR signaling will alter the pattern of co-stimulatory and cytokine signals the responding CD8 + T cells can receive downstream. Indeed, we have observed that limiting antigen availability reduces the expression of both CD25 and programmed death-1 (PD-1) on the responding CD8 + T cells (30) . Interestingly, both in vitro and in vivo IL-2 signaling is associated with T EM development, whereas IL-15 signaling enhances T CM differentiation (30, 46, (65) (66) (67) .
Additionally, IL-21 stimulation of in vitro activated CD8 + T cells leads to a high frequency of T CM -like cells (68) , which could be due to the ability of IL-21 to limit CD25 expression (69) . The absence of CD4 + T-cell help is also associated with an increased T CM population (51) . We hypothesize that the 'helpless' phenotype is also the result of altered IL-2 signaling because CD4 + T cells can serve as a major source of IL-2 for responding CD8 + T cells (70) and CD4 + T cells can regulate CD25 expression levels on responding CD8 + T cells (23) . Thus, we propose that the IL-2/IL-15 signaling pathways are crucial in the fate determination of T CM and T EM early in the CD8 + T-cell response (Fig. 2) .
Processing the extracellular cues: understanding the molecular networks responsible for generating effector and memory heterogeneity
Recent work has begun to elucidate how signals mediated through the TCR, co-stimulatory molecules and cytokine receptors are integrated by to determine the fate of the responding CD8 + T cells. Current data demonstrate that the phosphatidylinositol 3-kinase (PI3K) and mammalian target of rapamycin (mTOR) signaling networks play central roles in regulating T-cell migration (66, 71) and effector/memory Early events in memory CD8 T-cell differentiation 621 Downloaded from https://academic.oup.com/intimm/article-abstract/22/8/619/775364 by guest on 11 January 2019 T-cell differentiation (72) (73) (74) . These pathways appear to be central in integrating signals from TCR engagement and inflammatory cytokines, such as IL-2, IL-12, IL-15 and IL-21 (45, 66, 74) (Fig. 2) .
PI3K converts phophoinositide (4,5) bisphosphate [PI(4,5)P 2 ] into phophoinositide (3,4,5) trisphosphate [PI(3,4,5)P 3 ], which can recruit pleckstrin-homology-domaincontaining proteins to the intracellular leaflet of the cell membrane. Two of these proteins are phosphoinositidedependent kinase 1 (PDK1) and protein kinase B (PKB)/Akt. Recruitment of PKB/Akt alone to PI(3,4,5)P 3 results in cellular proliferation but does not change migratory properties (75); however, co-recruitment of PDK1 to PI(3,4,5)P 3 results in further phosphorylation of PKB/Akt, enhancing PKB/Akt activity (75) . This highly phosphorylated PKB/Akt can then phosphorylate forkhead box (Foxo) proteins, as well as activate mTOR. The activation of mTOR will inhibit Kruppel-like factor 2 (Klf2) function, thus altering expression of CD62L, sphingosine-1-phosphate receptor 1 (S1P 1 ), and CCR7 (66), all of which are known targets of Klf2 (76) .
Phosphorylation of Foxo proteins will exclude them from the nucleus (77), thus limiting Klf2 and Il7ra transcription (71, 78, 79) . Currently, the interplay between mTOR and Foxo1 in regulating Klf2 expression and/or function remains unknown; furthermore, phosphatase and tensin homologue deleted on chromosome 10 (PTEN) is known to oppose PI3K activity by converting PI(3,4,5)P 3 back into PI(4,5)P 2 (80) . Intriguingly, PTEN-null T cells, which accumulate high levels of PI(3,4,5)P 3 , do not express CD62L or CCR7 and deletion of PDK1 from PTEN-null thymocytes rescues CD62L and CCR7 expression (81) .
To identify factors that can regulate the mTOR and PI3K pathways, Cantrell and colleagues have utilized a simple in vitro CD8 + T-cell activation assay. Using this system, they . TCR triggering together with inflammatory cytokines of the c c and IL-12 families can regulate T-cell trafficking and differentiation largely through the PI3K pathway. IL-2 signaling appears to be very central in this process as both TCR engagement and IL-12-mediated signaling enhance CD25 expression, whereas IL-21-mediated signaling inhibits CD25 expression. In terms of PI3K activation, both IL-2 and IL-12 strongly activate PI3K, whereas IL-15 and IL-21 weakly activate the PI3K pathway. Strong activation of PI3K results in conversion of PI(4,5)P 2 into PI(3,4,5)P 3 . Accumulation of PI(3,4,5)P 3 results in the recruitment of both PKB/Akt and PDK1 to the cell membrane. PDK1 can then phosphorylate PKB/Akt, resulting in its activation. PKB can then phosphorylate Foxo proteins, which results in their exclusion from the nucleus and degradation, which ultimately results in cells being unable to express Foxo target genes, such as Il7ra and Klf2. Inhibition of Foxo-dependent expression of Klf2 will also alter expression of Klf2 target genes, such as Sell (L-selectin/CD62L), Edg1 (S1P 1 ) and Ccr7. PKB can also activate the mTORC1 complex. Activation of mTOR is known to enhance T-bet expression while repressing Eomes expression, which can regulate the fate of the responding CD8 + T cell, but whether Blimp1 or Bcl6 expression is altered by mTOR remains unresolved; furthermore, mTORC1 activity directly regulates Klf2 function. The mTORC1 complex can also be regulated by AMP-activated kinase (AMPK) activity, which inhibits mTORC1 activity. AMPK is a nutrient-sensing pathway that is activated by TNF receptor associated factor 6. Interestingly, rapamycin and metformin can have adjuvant-like functions by targeting the mTORC1 complex and AMPK, respectively. demonstrate that IL-2 strongly activates the mTOR and PI3K pathways, resulting in repression of CD62L, CCR7 and S1P 1 expression, whereas IL-15 only weakly activates the mTOR and PI3K pathways and CD62L, CCR7 and S1P 1 expression is maintained (66, 82) . Others have used a similar system to show that IL-2 represses Il7ra expression in a PI3K-and PKB/Akt-dependent manner (83) . Our in vivo studies using CD25
À/À CD8 + T cells and IL-15 À/À mice support those findings, with CD25
À/À CD8 + T cells tending to be more T CM like after infection, whereas CD8 + T cells from IL-15 À/À mice were more T EM like (30) .
Additionally, a recent report from Ahmed and colleagues similarly found that CD25 low effector CD8 + T cells preferentially became T CM cells (46) ; furthermore, CD25 À/À or CD25 low CD8 + T cells preferentially form the MPEC population (23, 46) . High levels of IL-2 are known to enhance Blimp1 expression, while repressing B-cell CLL/lymphoma 6 (Bcl6) expression (45) + T-cell help is also known to result in decreased CD62L expression on antigen-specific CD8 + T cells (51) , which is likely due to the fact that CD4 + T cells provide help to the responding CD8 + T cells through up-regulation of CD25 and production of IL-2 (23, 70).
As discussed above, unmethylated CpG and IL-12 have been shown to drive SLEC differentiation (19, 20, 58, 59 ). More recently, IL-12 was shown to enhance mTOR activity through a PI3K-and signal transducer and activator of transcription 4 (STAT4)-dependent pathway, resulting in enhanced expression of T-bet and repression of Eomes expression (74); furthermore, it was recently reported that modulating mTOR activity by the administration of low doses of rapamycin, an inhibitor of mTORC1, resulted in an enlarged memory population (72, 73) . Additionally, enhancement of AMP-activated kinase activity through the administration of metformin also enhanced memory CD8 + T-cell formation (73) , which has previously been shown to inhibit mTOR activity (86) . Dampening mTOR activity by administering rapamycin appears to operate by shifting the Eomes: T-bet ratio toward Eomes dominance (74) , which again favors memory differentiation (87) . Skewing the Eomes:T-bet ratio toward Eomes would also enhance T CM emergence because Tbx21
À/À CD8 + T cells have been shown to become CD62L high more rapidly (88) , which fits with the observation that rapamycin-treated mice have a shift of their memory CD8 + T-cell population toward T CM phenotype (72) . How inhibition of mTORC1 regulates the emergence of memory CD8 + T cells is, however, ill defined. We have thus begun to understand the molecular regulation of effector and memory CD8 + T-cell differentiation, but much still remains unresolved.
Conclusions and future prospects
As discussed here, we have learned an extraordinary amount about effector and memory CD8 + T-cell development over the past few decades, but many questions still remain unsolved. The signals necessary for T-cell activation have been well characterized, but an understanding of the complexity surrounding each of these factors is lacking. For example, why are so many co-stimulators necessary to mount effective CD8 T-cell responses? Also, how do the many inflammatory cytokines produced during a response by multiple cell types cooperate to regulate CD8 + T-cell expansion and differentiation? Another important aspect is the temporal regulation of these events. As such, is heterogeneity already established in the CD127 low KLRG1 low CD27 low early effector 'stem cell' population?
Intriguingly, recent molecular studies have demonstrated that nutrient-sensing and metabolic regulation appear to be crucial in regulating T-cell trafficking (78) and memory development (73) , which extends early studies that demonstrated changes in the metabolic state of responding T cells (89) . Vitamin D signaling has recently been shown to be necessary for optimal TCR signaling (90) . Additionally, retinoic acid, a vitamin A-derived product, has been demonstrated to be important in 'imprinting' a gut-homing phenotype (91) . Therefore, the range of factors that can regulate T-cell expansion, migration and differentiation now extend well beyond the world of cytokines. Thus, although many of the secrets surrounding effector and memory T-cell development have been unlocked, many more remain to be revealed that could be exploited in the development of adjuvants and vaccines.
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